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Unoccupied surface states on Cu(001): A comparison of experiment and theory
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We compare new high-resolution inverse-photoemission spectra of the unoccupied surface states
on Cu(001) with a first-principles calculation of the same surface. This theoretical calculation in-
cludes the asymtotic long-range image potential. The commonly observed image state is found to
correspond to the n =1 member of the Rydberg series of states derived from the image potential,
i.e., the wave function has a single extremum beyond the crystal edge characteristic of the hydrogen-
ic n =1 state. Agreement between theory and experiment for all states is excellent. The experimen-
tally determined binding energies and effective masses are 0.62 eV and 0.98m, for the n =1 image
state and 0.8 eV (with respect to Er) and 0.4m, for the n =0 surface resonance. The results indi-

cate that surface corrugation effects are negligible.

I. INTRODUCTION

Recently there have been several inverse-photoemission
studies of unoccupied surface states on metal surfaces.!°
These studies have tended to classify the states into two
categories: those derived from the crystal potential ter-
mination at the vacuum interface and those derived from
the long-range image potential experienced by an electron
outside of the surface.

A simple one-dimensional multiple-reflection model
was originally proposed to account for the binding ener-
gies of the image states.!! The first demonstration that
this model could be used to account for the variation in
the binding energies of these states on different surfaces'®
produced the interesting result that the same model suc-
cessfully accounted for the binding energies of the
crystal-derived states on these surfaces. The binding ener-
gy of the image states was shown to be influenced by the
position of the vacuum level with respect to the nearly-
free-electron band gap generated by the appropriate
reciprocal-lattice vector running perpendicular to the sur-
face.

An alternative model has also been proposed!? in which
it was suggested that the binding energies of the image
states and their effective masses were dominated by the
surface corrugation running parallel to the surface. In
this model second-order perturbation theory was used to
show that interaction with the surface corrugation causes
the simple hydrogenic series derived from the image po-
tential to be pushed to significantly larger binding ener-
gies.

More recently we have been able to apply wave-function
matching techniques to these problems and have demon-
strated,!’ for the first time in a mathematically rigorous
formalism, the connection between the image states and
the crystal-derived states. We have further demonstrated
the role of the image plane in defining the boundary con-
dition which determines the binding energy of these
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states. Surface corrugation was found to play a role only
in that the packing density of the surface determined the
position of the image plane. In particular, the image
plane was found to be further from the crystal edge, de-
fined as half a lattice spacing beyond the last -row of
atoms, on more loosely packed surfaces. However, as the
crystal edge is closer to the center of the last row of atoms
on more loosely packed surfaces, it is probably more ap-
propriate to define the image plane in terms of electron
density calculated from the center of the last row of
atoms. Defined in this way our analysis demonstrated
that the image plane would be in a similar position for all
low-index surfaces of a given metal.

In this paper we present new high-resolution experi-
mental measurements of the binding energies and effective
masses of unoccupied surface-derived features on the
Cu(001) surface. We compare these observations with the
results of a first-principles full-potential linearized
augmented-plane-wave (FLAPW) calculation of the sur-
face states on the same surface. In the calculation the im-
age states are derived by matching a long-range image po-
tential onto the self-consistent crystal potential. This cal-
culation allows us to examine the effects of corrugation
on the surface states, and we are able to discuss the
relevance of the models previously proposed.

In Sec. II we present our experimental methods, and in
Sec. III we discuss the theoretical procedures used. In
Sec. IV we present the experimental results, and in Sec. V
we compare these results and discuss them in terms of the
theoretical results and the simple models.

II. EXPERIMENTAL METHODS

The experiments described here employ a new grating
spectrograph which allows photons in the energy range
from 10—30 eV to be detected. This instrument, which
will be described in detail elsewhere,'* employs the
focused spot of the electron beam as a virtual entrance slit
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and is capable of obtaining a wavelength resolution of the
order of 10 A. At 15 eV the energy resolution is therefore
approximately 0.18 eV. The electron source has been
described elsewhere!® and provides currents of the order
of 10 uA with an energy spread of 0.25 eV. The full an-
gular spread of the incident beam is 5 ° corresponding to a
momentum resolution Ak of approximately 0.17 A at 15
eV; the overall experimental resolution at this energy is
300 meV.

Measurements are made by fixing the incident electron
energy and incidence angle, and then monitoring all direct
transitions at different photon energies in parallel. With
instruments of this type it is possible to monitor the
dispersion of surface states either by rotating the sample
at fixed incident energy or by fixing the incidence angle
and then recording spectra for different incident energies.

The copper (001) crystal was cleaned by repeated cycles
of argon bombardment and annealing, and the surface
condition was monitored by Auger-electron spectroscopy
and low-energy electron diffraction (LEED).

III. THEORETICAL METHODS AND RESULTS

The electronic structure of the ideal Cu(001) surface
was calculated using the self-consistent FLAPW
method.!® This method has been shown to give very accu-
rate solutions to the density-functional equations. The
surface was modeled by using a slab of seven layers of
copper. No shape approximations were made to either the
density or potential, and all non-muffin-tin contributions
to the Hamiltonian were taken into account self-
consistently. The standard local-density approximation!’
(LDA) to the exchange-correlation potential was used in
the self-consistency cycle. Once self-consistency was
achieved, a final iteration was performed using a modified
potential'® that correctly includes the image form for
large distances. This modification did not significantly
affect the previously calculated ground-state density and
position of the crystal-derived surface states and reso-
nances, since little electron density extends into this
asymptotic region in which the LDA breaks down. The
image plane is located in a position such that the
electron-gas parameter r; of the planar average density is
approximately 5.0.

The addition of the long-range image potential pro-
duced, as expected, a Rydberg-like series of unoccupied
states bound close to the vacuum level. While both the
crystal-derived and image-derived surface states can be
understood within the same framework,!> we have a sim-
ple calculational criterion for distinguishing between
them: Those states which are found in the calculation
only with the inclusion of the image potential are defined
as image states; all others are called crystal derived. This
same criterion may be arrived at using the phase model
where the conventional or crystal-derived states can be
modgellgd with a simple-step potential for the surface bar-
rier.”

Crystal-derived unoccupied surface states around X ex-
ist at the top and bottom of the band gap, and a surface
resonance at I exists below the bottom of the gap. The
calculated energy of the high-lying surface state at X is

~0.2 eV below the top of the gap with an effective mass
of m*~1.8m,. At the bottom of this gap we find an oc-
cupied state 0.07 eV below the Fermi level with effective
mass m* ~0.06m,. The surface resonance at I is calcu-
lated to lie 0.5 eV above the Fermi level and corresponds
to the “n =0 state of Hulbert et al.'®!3 This state is
not as localized to the surface region as are the states at X
and the occupied d-derived surface states. For this
reason, this state (and its counterparts on other surfaces)
has not been identified as a resonance in other calcula-
tions. The existence of these surface states and resonances
can be obtained from general resonance scattering argu-
ments.!> The calculated effective mass of this state at T
is m*=0.49 near the center of the zone; if one calculates
m* using points halfway to the zone boundary, this value
increases to m*/m, ~0.7 since the dispersion of the band
is nonparabolic.

As already stated, the inclusion of the image potential
in the calculations gives an additional set of states near
the vacuum level that do not exist in the LDA calculation.
These we identify as the image states. We label the “prin-
cipal quantum number” in terms of the number of extre-
ma of the wave functions of these states beyond the crys-
tal edge and, in analogy with quantum defect theory in
atoms, in terms of the binding energy. While other label-
ing choices are of course possible, we believe ours is the
most reasonable physically and is consistent with standard
usage in other fields.”> The first three members
(n =1,2,3) of the series have binding energies of 0.62,
0.19, and 0.09 eV, respectively. These states all have
m*/m ~1. Corrugation of the classical image potential
and the Coulomb potential has no appreciable effect on
the effective mass since these corrugations decay exponen-
tially, i.e., the corrugation matrix element for an image
state whose weight is several angstroms outside the sur-
face is negligible. As discussed elsewhere,'> dynamical
contributions to the image potential not included here lead
to an increase in the effective mass by < 5%.

IV. EXPERIMENTAL RESULTS

In Fig. 1 we show inverse photoemission spectra for
different angles of incidence in the T M azimuth near the
center of the zone. The electron beam is incident on the
surface with an energy of 16.85 eV with respect to the
Fermi level. We identify the sharp feature, which has a
binding energy (defined with respect to the vacuum level)
of approximately 0.6 eV at the center of the zone, with the
first member of the Rydberg series of image states.

At this initial energy there are no allowed bulk transi-
tions. We are therefore able to make the more definite as-
signment of surface resonance to the feature just above the
Fermi level. This resonance was predicted earlier by the
multiple-reflection model,'® and appears in the first-
principles calculation as described in the preceding sec-
tion. Its observation has been noted in previous work,?
but the tunability of photon detection and the improved
resolution allow this state to be clearly resolved from any
bulk-derived features in the present work.

Using a least-squares-fitting procedure, we find that the
image state has an effective mass of 0.98+0.10m, and a
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FIG. 1. Inverse photoemission spectra recorded for the
Cu(001) surface as a function of the angle of incidence in the
T' M azimuth. The initial energy of the electron beam was
16.85 eV with respect to the Fermi level.
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FIG. 2. Inverse photoemission spectra recorded at the X
point of the surface Brillouin zone of Cu(001) with initial elec-
tron energy 16.5 eV above the Fermi level. Clean surface (solid
line) and same surface after exposure to 40 L of oxygen (dashed
line).

binding energy at the center of the zone of 0.62+0.05 eV.
The surface resonance, however, is not an easy feature to
locate exactly; the experiments would indicate that near
the center of the zone the effective mass is approximately
0.4m, at an energy approximately 0.8 eV above the Fermi
level. Fitting more distant points in the zone, the effec-
tive mass increases to 0.6m, for measurements out to
0.25T M.

At X we identify two features as shown in Fig. 2. This
figure also shows the effect of exposing the surface to 40
L of oxygen. [1 langmuir (L)=10"° Torr sec.] We asso-
ciate the peak close to the Fermi level in Fig. 2 with a
mixture of the low-lying surface state and, due to our
more limited momentum resolution at high angles of in-
cidence, transitions into bulk band 6. We are clearly able
to identify the peak at lower binding energy as the surface
state predicted to lie near the top of the gap. Our studies
of this state have tended to concentrate on its cross-
sectional behavior,?’ and we have thus not made any de-
tailed studies of its dispersion. However, our limited
studies around X indicate a relatively high effective mass
for this state.

V. DISCUSSION

Both the experimental observations and the theoretical
calculations contain a peak approximately 0.62 eV below
the vacuum level with a free-electron-like dispersion.
This state, which we identify with the n =1 member of
the Rydberg series of image states, has been observed in a
number of earlier studies of Cu(100),"*° and a similar
feature has also been observed on Ag(100).'>? We note,
however, that the effective mass that we measure in this
study is lower than previous measurements on either
Cu(100) (Ref. 5) or Ag(100) (Ref. 12). The present study
represents the first study with good energy resolution
combined with reasonable momentum resolution. We
therefore feel confident in making comparisons with our
first-principles theory.

In the study of Ag(100),'? it was suggested that the
peak at 0.6-eV binding energy was, in fact, the n =2
member of the Rydberg series shifted to higher binding
energy through the perturbative effect of surface corruga-
tion. The present study disagrees with that conclusion
and suggests that the wave function for this state has the
characteristic shape of an n =1, rather than an n =2, hy-
drogenic wave function. In Fig. 3 we show the charge
densities of the first three members of the Rydberg series
of states as produced in the FLAPW calculation.

We note that the FLAPW calculation and our wave-
function matching technique'’ produce nearly identical
wave functions for the image states. We also note that the
maximum for the n =1 wave function on this surface is
displaced further from the crystal edge than for the same
state on the Cu(111) surface, 3.5 rather than 2.0 A. On
the Cu(001) surface this image state is closer to the center
of the band gap than on the Cu(111) surface; near the
center of such a gap, the penetration into the crystal will
be less (the decay length is less), and as a result one would
expect the image state to be pushed further into the vacu-
um.

We note again that both the measured effective mass of
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FIG. 3. Charge densities of the Rydberg series of image
states and surface resonance averaged parallel to the surface.
Image states: n=1 (solid line) (0.62 eV), n =2 (short-dashed
line) (0.19 eV), and n =3 (long-dashed line) (0.09 eV); surface
resonance (dashed-dotted line). Zero on the distance scale corre-
sponds to the center of the last row of atoms.

this state and the calculated mass are close to 1.0m,.
Furthermore, in our calculation it is possible to “switch-
off” the surface corrugation outside of the jellium or crys-
tal edge. We find that this produces no appreciable effect
on either the binding energy or the effective masses of the
Rydberg series of image states.

The surface resonance at I has a smaller effective mass
than the observed image state, being approximately 0.4m,
near the center of the zone and increasing to approximate-
ly 0.6m, as one proceeds further out in the zone. Previ-
ously, we published the energy of this state as 1.15 eV
above the Fermi level.® That value was produced from
Lorentzian fitting to data of lower resolution. Here we
find an experimental value of 0.8 eV above the Fermi lev-
el. However, we note that we are attempting to identify
the center of an extremely broad feature, characteristic of
a surface resonance. We would therefore probably have to
conclude that this resonance is of the order of 1.0 eV
above the Fermi level, but erring towards the binding en-
ergy measured in the present experiment. The FLAPW
calculation produces an energy of 0.5 eV with respect to
the Fermi level. The exact position of this calculated res-
onance is rather uncertain due to the finite thickness of
the film. For finite films, one does not obtain a continu-
um of states corresponding to the projection of the bulk
bands, but rather a set of discrete 2— d bands whose ener-
gy separation is indicative of the number of layers and the
width of the bulk bands perpendicular to the surface. The
calculated position of the resonance is then given by the
energy of the discrete band closest to the true energy. In
contrast, a surface state split off into a bulk band gap does
not couple to the bulk Bloch waves running perpendicular
to the surface and hence can, in general, be described by a
combination of orbitals localized near the surface. True
surface states are therefore treated “correctly” in a thin-
film method, and the uncertainty in the calculated ener-
gies is significantly smaller than for resonances.

The phase model produces an energy of 1.2 eV above
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FIG. 4. Comparison of theoretical and experimental results.
The crosshatched area represents the projected bulk continuum;
solid lines (dashed lines) represent the theoretical predictions of
the crystal-potential-derived (image-potential-derived) surface
states. @, experimental results from the present study. A, ex-
perimental results from Ref. 5.

the Fermi level for the surface resonance.®!° This value
may well be too high because the model assumes that r,,
the reflectivity from the crystal, has the value of 1.0. This
will be true for band gaps but not in the continuum re-
gion. We further note that the phase model'®!® places the
image plane at the crystal edge. Our more recent wave-
function matching technique'’ places the image plane
beyond the crystal edge, producing a surface resonance at
0.9 eV above the Fermi level.

We are unable in the present study to learn anything
new about the low-lying surface state at X. However, we
note good agreement between the theoretical results
presented here and the earlier studies of Kevan,?! the
binding energy of the state being approximately 0.07 eV
below the Fermi level and the effective mass being
0.06m,.

We find the higher surface state at X to have an energy
of approximately 3.9 eV above the Fermi level. As stated
earlier, we were unable to measure the effective mass of
this state in the present study. However, our data com-
bined with the earlier date of Dose et al. (Fig. 4) shows
that the effective mass of this state is in close agreement
with the theoretical value presented in this paper.

In summary, we have compared experimental and
theoretical binding energies, and in some cases effective
masses, for all unoccupied surface states on Cu(001). The
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calculated and measured dispersions of all of these states
are compiled in Fig. 4. The cross-hatched area represents
the continuum of bulk states and is calculated using the
16 plane-wave version of the combined interpolation
scheme.?? The parameters used for Cu(001) were taken
from Ref. 22 and optimized to fit the empty bands.’ It
can be seen that reasonable agreement is obtained between
theory and experiment for all states.>* From a calculation-
al view these states, although related, fall naturally into
two classes: those derived from the crystal termination
and those derived from the long-range image potential.

We find that the image states at the center of the zone are
unaffected by surface corrugation and that the image state
observed experimentally is the state whose wave function
has a single maximum ~3.5 A beyond the crystal edge.
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